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Introduction
Pesticides are nowadays considered as common environmental pollutants, although their use is necessary in order to satisfy the food demand of our society. Among the large number of different pesticides, atrazine was the second most frequently detected pesticide in EPA's National Survey of Pesticides in Drinking Water Wells [1] . Thus it is of great significance to accurately quantify the compound at low concentrations. Many analytical applications have been developed for the determination of this compound in environmental samples, the multianalyte residues methods being the most widely used, such as gas chromatography [2] , high performance liquid chromatography (HPLC) [3, 4] , thin layer chromatography [5] , and electrophoresis [6, 7] . All these methods are very robust and well-established, but in most cases extensive sample pre-treatment including extraction, clean-up and pre-concentration is necessary. Enzyme-linked immunosorbent assay (ELISA) and immunosensing technologies have proved to be fast and sensitive screening methods, as well as quantitative analytical tools useful for pesticide residue determination in food and other matrices. So far, the major drawbacks for the application of pesticide immunoassay in food are related to bad recoveries and the removal of matrix interferences [8] . Immunosensor sensitivity is strongly dependant on the amount of immobilized antibodies and their remaining antigen binding properties. A variety of immobilization methods for proteins has been reported in the literature [9] [10] [11] , some giving rise to a random orientation of the receptor molecules immobilized on the sensor surface [12] . In a previous work, simple and non time-consuming physical adsorption of specific antibodies on gold [13] was used to develop an immunosensor for atrazine detection [14] . However, oriented immobilization is preferred for maintaining antibody binding properties. This can be achieved, for instance, by using Protein A [15] . Another way to improve immunosensor sensitivity and detection limit is consists of the addition of gold nanoparticles [16, 17] , conducting polymer [18, 19] , graphene [20] and carbon nanotubes (CNTs) [21] [22] [23] to electrode surfaces. Thus, in this study, the following methods were considered: oriented physisorption and carbon nanotubes attachment using carboxylic groups activated with EDC/NHS as a crosslinker. In the two cases, we proposed a new method of insuring the oriented antibody immobilization without the use of protein A. Indeed, we focused on site-directed immobilization of rabbit anti-atrazine antibodies using goat anti-rabbit immunoglobulin. Goat anti-rabbit immunoglobulins recognize specifically FC-region of anti-atrazine antibody which will allow the oriented antibody immobilization on sensor surface. All the steps of the immunosensor buildingup were analyzed via the electro-chemical impedance spectroscopy.
Experimental methods

Materials and reagents
Single-walled carbon nanotube-carboxylic acid (SWCNTCOOH) was purchased from Sigma-Aldrich and was used directely without further treatment. Atrazine was from SUPELCO, Bellefonte, PA, USA. Analytical standards of Propazine and terbutylazine were from Dr. Ehrenstorfer (Augsburg, Germany) and Riedel de Haën (SeelzeHannover, Germany). The polyclonal specific anti-atrazine antibody (rabbit polyclonal IgG) was produced in the Universidad Politécnica of Valencia. All other materials, including thiolacid (16-mercaptohexadecanoic acid) (Sigma-Aldrich), Dimethylformamide (DMF) (Aldrich), 1-ethyl-3-(3-(dimethylamino)-propyl) carbodiimide(EDC) (Aldrich), and Nhydroxy succinimide (NHS) (Aldrich) were used as supplied. The buffer solution used in all experiments was phosphate buffer saline (PBS), pH 7.2, containing 140 mM NaCl, 2.7 mM KCl, 0.1 mM Na2HPO4, 1.8 mM KH 2 PO 4 . All reagents were of analytical grade.
Apparatus
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed with Autolab 302N impedance analyzer (Ecochemie, The Netherlands) and the data was analyzed with the corresponding NOVA1.4 acquisition software.
Electrode modification 2.3.1. Antibody physisorption
First, the pretreated electrodes were dipped in the goat anti-rabbit IgG solution (10 µg/mL in PBS) for 60 min. After this reaction, the surface was rinsed another time with PBS buffer and blocked with BSA 1% for 30 min. This blockage operation will have the effect of limiting the non-specific adsorption of anti-atrazine antibodies on the electrode surface. The electrode was then thoroughly rinsed with PBS to remove excess of BSA and dipped in the rabbit anti-atrazine antibody (Figure 1(a) ).
Antibody immobilization using carbon nanotube
The pretreated electrodes were immersed in 11mercaptoundecanoic acid 1mM in ethanol solution for 12h in order to form a self-assembled monolayer (SAM). The substrates were then rinsed with ethanol in order to remove the unbonded thiols. To convert the terminal carboxylic groups to an active NHS ester, the thiol-modified electrodes were treated with 0.4mM EDC-0.1mM NHS for 1h. Then, gold electrodes were rinsed with water and dried under nitrogen, 0.3mg/ml of SWCNTCOOH were dropped onto the surface for 1h. The excess of SWCNTCOOH were removed by rinsing with DMF. The terminal carboxylic groups in SWCNTCOOH were activated by 0.4mM EDC-0.1mM NHS for 1h in order to immobilize the anti-rabbit IgG antibody. Then, the SWCNTCOOH -modified electrodes were treated with 0.1% BSA for 30min, to block the unreacted and non-specific sites. Finally, the modified-gold electrode was dipped in the antibody solution (10g/mL in PBS) for 90 min. After rinsing with PBS and water, the electrodes were dried under nitrogen ( figure 1 (b) ). 
Results and discussion
Cyclic voltammetry
Cyclic voltammograms of the gold electrode (Fig. 2 i) shows a reversible phenomenon, which is the typical behaviour of gold surface with redox couple. The two peaks of the cathodic and anodic waves of redox probe have been obtained. After modification of the gold surface with SWCNTCOOH, the dc-current increases due to the conducting properties of the SWCNTCOOH layer (Fig. 2 ii) . After immobilization of anti-rabbit IgG on the SWCNTCOOH layer, the direct current decreases due to the insulating properties of the antibody layer (Fig. 2 iii) . The same explanation applies for the decrease of the direct current after specific antibody immobilization (Fig. 2 iv) . To confirm all these results, electrochemical impedance spectroscopy measurements were performed on those systems.
Electrochemical Impedance Spectra measurements
The non-faradic impedance measurement was chosen for the detection of atrazine in the present study. Non-Faradic impedance data are often simulated using the modified randles circuit including the two resistive elements, R S and R P , and in which the double layer capacitance was replaced by a constant phase element (CPE). R S corresponds to the ohmic resistance of the bulk electrolyte and R P to the charge transfer resistance between the solution and the modified electrode surface in the absence of redox species. R p is the diameter of the semi-circle obtained at higher frequencies. CPE takes into account the non-homogeneity of the layer and the impedance of such a non-ideal layer can be expressed as Z()=k(j) -n , where  is a circular frequency and n a parameter varying from 0 to 1 [24, 25] . The complex impedance can be presented as a combination of the real impedance (Zre) and the imaginary impedance (Zim), Nyquist plot. Typical Nyquist plots for gold electrode, anti-rabbit IgG/Au and Anti-Atrazine/ BSA/ anti-rabbit IgG layer from 50mHz to 100kHz are shown in figure 3a. As can be seen in the fitting values reported in Table 1 , the charge transfer resistance (Rp) increased after adsorption of antibody rabbit IgG and after immobilization of antiatrazine antibody. This result could be explained by the insulating properties of the fixed layers. Whereas, the gradual decrease in capacitance was related to the positive change in thickness after each immobilization step inside the gold electrode interface and the electrolyte solution. Then, in order to obtain more sensitive electrochemical signals the rabbit IgG antibody was immobilized on gold electrode using SWNT. Figure 3 -b showed the EIS of SAM changed gold electrode (curve i), compared with SWCNTCOOH functionalized Au-electrode (curve ii), with Anti-rabbit IgG/ SWCNTCOOH/Au (curve iii) and with Anti-atrazine/anti-rabbit IgG/ SWCNTCOOH/Au electrode (curve iv) in PBS solution. Note that all the spectra are almost similar. Using the equivalent circuit model described in Fig. 3-b , it is possible to fit the impedance spectra. The values obtained for the constant phase element (CPE) and the charge transfer resistance is shown in the histogram of figure 4, extracted from the computer fitting of each step. It is obvious that the constant phase element at the electrode surface decreases with the positive change in thickness after each immobilization step. Whereas, the addition of CNTs to the SAM modified gold electrode leads to the decrease in the value of the charge transfer resistance (Rp) because of the presence of this conductive. Finally, after each step immobilization, with the addition of rabbit IgG and anti-atrazine antibody the interface resistance increases (decrease in the conductivity due to the insulating properties of grafted layers). In order to test the sensitivity of our constructed biosensor, different . Calibration curves of the variation of impedance at 734 mHz: (a) (i) using physisorption (atrazine concentrations from 500 pg/mL to 5 ng/mL) (ii) using carbon nanotubes (atrazine concentrations from 100 pg/mL to 1 ng/mL) (b) complete calibration curve for atrazine with physisorbed antibodies (atrazine concentrations from 500 pg/mL to 150 ng/mL). As can be seen in figure 5 -b, the immunosensor developed using oriented antibodies for atrazine has a linear shape in the range of 0.5 to 30 ng/mL with an excellent detection limit of 0.5 ng/ml. When atrazine concentrations became up to 30 ng/mL the signal tended to saturation. This detection limit of 0.5 ng/mL is 20 times lower than the detection limit obtained with physical adsorption of non-oriented antibodies [14] . These results are confirming the loss in sensitivity with random antibody immobilization method on sensor surface. On the other hand, when comparing CNT immunosensor (figure 5-a ii) with the sensor non employing carbon nanotubes (figure 5a-i and figure b (magnification of figure a-i)) , response of CNT sensor shows a significant increase. In addition, with CNT the immunosensor detection limit is improved from 0.5 ng/mL to 100 pg/mL.
Conclusion
The oriented antibody immobilization strategy, with site-directed immobilization of rabbit anti-atrazine antibodies using goat anti-rabbit immunoglobulin, has shown its effectiveness in improving the biosensor sensitivity. Indeed, with the same type of immobilization (physical adsorption) the detection limit obtained, with oriented antibodies, was 20 times lower than the one with random physisorption. Moreover, the addition of CNTs to the SAM modified gold electrode has reduced even the detection limit up to 100 pg/mL which is a thousand times lower than the maximum level allowed by the European Union directive.
